Abstract-In this paper, nine, seven, five and three level diode clamped multilevel inverters (9L-7L-5L-3L DCMI) have been designed and used in wind generation system. The DCMI is designed to operate at low switching frequency with low THD by increasing the number of output voltage levels. The proposed designed DCMI is then connected to permanent magnetic synchronous generator (PMSG) wind turbine to generate an AC output voltage. A low switching frequency sinusoidal pulse width modulation (SPWM) triggering circuit is adopted as the controlling signals. Several cases were studied with varying number of levels and/or modulation indices used. The overall system is modeled in MATLAB/Simulink and a satisfied result be obtained.
INTRODUCTION
Multilevel inverters (MI) have gained significant interests in power electronics conversion for medium and high voltage applications due to its abilities to generate high quality output voltages with reduced THD values. The most common types of MI are diode clamped MI (DCMI), flying capacitor MI (FCMI), and cascaded (or H-Bridge) MI (CMI) [1] . The applications of multilevel inverter are numerous especially in high voltage such as Flexible Alternating Current Transmission System (FACTS) [2] , High Voltage Direct Current (HVDC) [2] and wind farm generation station [3] . While in medium voltage applications, there are motor drive control [4] and photovoltaic (PV) solar cells [4] applications.
The controlling techniques of MI are divided into two main types; high frequency switching control and low frequency switching control. High frequency switching is excellent for medium applications as it can be designed to reduce the total harmonics distortion (THD) more than low frequency control. Space vector PWM (SVPWM) [5] and Sinusoidal PWM (SPWM) [6] are two common types of high frequency switching control. Alternately, Space Vector Control (SVC) [7] and Selective Harmonics Elimination (SHE) [8] are two types of low frequency switching. These types of control are preferred to reduce number of switches [9] , in order to decrease the switching losses of the IGBT switches, especially in switching off the IGBTs [10] .
However, the huge increment in wind turbine energy generation around all over the world makes a good research area environment [11] . The total generation of wind turbine is around 500 GW in 2016 and this number continues to increase. Furthermore, the size of power of the wind turbine generation also increased from kilowatts to megawatts and there is now a gigawatts wind turbine generation [12] . There are three main types of wind turbine generation connection. First, full scale power conversion and this type is usually connected with PMSG, second type is single fed half scale power conversion and used with wind turbine induction generation and third type is double fed induction generator (DFIG) [13] .
In this paper, the wind turbine generation using PMSG is used and controlled by direct torque control (DTC) in the mechanical side control (MSC) as shown in Fig. 1 , connected to a full bridge rectifier to generate DC output voltage, then a DC to DC boost converter is used to keep the output voltage constant with varying torque and speed generator where the DC side control (DSC) is used for this purpose. After that, the output DC link voltage is divided into eight equal voltages and connected to nine levels of diode clamping MI (9L-DCMI) to generate a three phase AC voltage using the grid side control (GSC). 
II. THE PROPOSED SYSTEM
The proposed system circuit contains five main parts as shown in Fig. 2 , starting from PMSG, full bridge rectifier, DC to DC converter, nine levels DCMI, and the grid where all of them are connected in series.
A. PMSG wind turbine
The PMSG is modeled using Clarke (α-β) and Park (d-q) transformation in order to generate and DC equivalent circuit model as following [14] ;
Voltage equation
(1)
Flux equation
Torque equation
where the ܸ ௦ௗ , ܸ ௦ , ݅ ௦ௗ , ݅ ௦ ,߰ ௦ௗ , ߰ ௦ , ‫ܮ‬ ௗ , and ‫ܮ‬ are the d and q components of stator voltage, current, flux, and inductance, ܴ ௦ , ܶ , ‫,‬ and ߰ , are the stator resistance, electromagnetic torque, number of pole pairs, and flux of permanent magnet respectively.
B. Three Phase Rectifiers
The common full bridge six switches controlled rectifier is used. The controller MSC is used in order to generate a suitable DC voltage, and decrease the unexpected overvoltage generation as needed for grid connection conditions.
C. Boost converter
A maximum limit of DC voltage can be obtained using the full bridge rectifiers. The boost converter is used for any under voltage generation for PMSG in order to keep the output voltage as constant as possible for it to be used on grid system. The boost converter has one switch as shown in Fig. 2 , and the direct control system is used to control the switch. Based on the measured output DC voltage of the converter, the duty cycle PWM is increased to increase the output DC voltage and vice versa. 
D. Boost converter
A maximum limit of DC voltage can be obtained using the full bridge rectifiers. The boost converter is used for any under voltage generation for PMSG in order to keep the output voltage as constant as possible for it to be used on grid system. The boost converter has one switch as shown in Fig. 2 , and the direct control system is used to control the switch. Based on the measured output DC voltage of the converter, the duty cycle PWM is increased to increase the output DC voltage and vice versa.
E. Three phase multilevel inverter (MI)
The diode clamped MI is used as the MI type and the nine, seven, five and three level MIs are studied. Firstly, a general equation of output voltage with harmonic effect is determined, set the operation of MIs and finally the proposed controller is applied. For a more stable and suitable operation, a high number of diodes is used in DCMI. To generate a nine-levels output voltage, a sixteen IGBT switches (s1a -s16a) with freewheeling diodes are needed for each phase. Also, eight voltage supplies (Vdc1 -Vdc8) are needed for all the phases of MI system. The Fourier series expansion equations for one period of the proposed signal as shown in Fig. 3 , is determined as following equation [15] ;
where α is the angle of triggering.
To find the alpha angels (α1, α2, α3, α4 and α5), the pure reference sine wave is used that can be measured from the grid voltage as following equations
At each angle of α, an action of switches is being taken to generate the required voltage. The sequence switching operation is shown in Table 1 for nine levels (9L), seven levels (7L), five levels (5L), and three levels (3L) of DCMI, where the bold letter (9,7,5,3) means the switch is turned on, where all the name switches is referred to Fig. 2 .
To set the duty cycle operation of the DCMI, the new low frequency switching dependent on sinusoidal PWM is used, as known that the high frequency switches for IGBT takes high power losses. Therefore, the low switching is perfect for high voltage applications. Fig. 3 . The Digitalized Output Voltage of MI using Low Switching Frequency PWM # step Vout S1a S2a S3a S4a S5a S6a S7a S8a S9a S10a S11a S12a S13a S14a S15a S16a
F. The grid connection
The sine wave voltage that is used to calculate the duty cycle is measured from the grid voltage, in case to synchronize the phase angle of the proposed MI operation. The value of grid voltage is multiply with constant in case to change the modulation index value. The values be changed for different levels of MI inverters and different frequency operation to find the best modulation index value and obtain the standard requirement [16] .
III. SIMULATION AND RESULTS
The MATLAB/Simulink is used to create the 9L, 7L, 5L, and 3L DCMI. At low frequency, the DCMI obtained THD of 4.82% as shown in Fig. 4 , where the modulation index is 1. Fig. 4 . THD of 9L DCMI using the Proposed Control Then the modulation index is increased to 1.15 and decreased to 0.75, as shown in Fig. 5 resulted in different value of THD. The lowest THD can be found at 1.05. In the same Fig., the variation of 3L, 5L, and 7L can be found and the best value of modualtion index is found to be around 1 to 1.05.
The switching frequency of DCMI is then increased from 50Hz to 5kHz, 10kHz, 15kHz, and 20kHz. The results of these varying frequency are shown in Fig. 6 . At 9L DCMI, the best value of modulation index (Mx) is less than 1, in 7L DCMI the best modulation index is between 0.85 and 1.00. In 5L DCMI, the modulation index values could changed the THD values from 5% to 20%, thus making the sets of the modulation index more important and the best value is less than 1. In 3L DCMI, all the output voltage had high THD with more than 20% and inaccurate results can be obtained. The switching frequency of DCMI is then increased from 50Hz to 5kHz, 10kHz, 15kHz, and 20kHz. The results of these varying frequency are shown in Fig. 6 . At 9L DCMI, the best value of modulation index (Mx) is less than 1, in 7L DCMI the best modulation index is between 0.85 and 1.00. In 5L DCMI, the modulation index values could changed the THD values from 5% to 20%, thus making the sets of the modulation index more important and the best value is less than 1. In 3L DCMI, all the output voltage had high THD with more than 20% and inaccurate results can be obtained.
The a brief specification of wind turbine PMSG characteristics and DCMI is shown in Table 2 . 
IV. CONCLUSIONS
The low switching operation of nine levels, seven levels, five level, and three levels diode clamped multilevel inverter are studies in direct torque control of PMSG wind energy grid connection system. The operation of MI based on to find the angle of the sine wave signal and according to switching table the operation switches are selected to generate the required output voltage. Then the 9L, 7L 5L and 3L DCMI are simulated and THD of less than 5% is obtained. Finally, the DCMI of all 4 levels are tested at 5kHz, 10kHz, 15kHz and 20kHz, with varying modulation index (Mx). It is concluded that the best value of Mx is 1 or 1.05, but if the carrier frequency is increased, then the best Mx value is decreased to be less than 1.
